In an effort to understand the complexity of genomic responses within selectively vulnerable regions after experimental brain injury, we examined whether single apoptotic neurons from both the CA3 and dentate differed from those in an uninjured brain. The mRNA from individual active caspase 3(ϩ)/terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling [TUNEL(Ϫ)] and active caspase 3(ϩ)/TUNEL(ϩ) pyramidal and granule neurons in brain-injured mice were amplified and compared with those from nonlabeled neurons in uninjured brains. Gene analysis revealed that overall expression of mRNAs increased with activation of caspase 3 and decreased to below uninjured levels with TUNEL reactivity. Cell type specificity of the apoptotic response was observed with both regionally distinct expression of mRNAs and differences in those mRNAs that were maximally regulated. Immunohistochemical analysis for two of the most highly differentially expressed genes ( prion and Sos2) demonstrated a correlation between the observed differential gene expression after traumatic brain injury and corresponding protein translation.
Introduction
Traumatic brain injury (TBI) remains the leading cause of disability and mortality in young adults in the United States and Europe (Sosin et al., 1989; Sauaia et al., 1995) . Cognitive function is particularly affected after brain injury attributable, in part, to selective cell death in the hippocampus Bramlett et al., 1997) , the neuroanatomical substrate of memory and learning (Olton and Papas, 1979 ). An experimental paradigm of brain injury in animals, the controlled cortical impact (CCI) model, has been shown to consistently reproduce the posttraumatic memory deficits and both the apoptotic and necrotic cell death Colicos and Dash, 1996; Clark et al., 1997; Fox et al., 1998) presumed occurring in brain-injured humans (Williams et al., 2001) .
Apoptosis is actively regulated through the induction of selective members of the caspase gene family of cysteine proteases (Alnemri, 1997) . Activation of caspases and increased expression of caspases 3 and 8 have been observed in the cortex and hippocampus after CCI in the rat (Beer et al., 2000b (Beer et al., , 2001 Clark et al., 2000) . Although caspases seem to play a central role in TBIinduced apoptosis (Eldadah and Faden, 2000; Raghupathi et al., 2000) , the expression of other genes has, likewise, been demonstrated to influence both the initiation or progression of apoptosis (Ashkenazi and Dixit, 1998) . For example, increased expression of adaptor proteins such as the Fas or tumor necrosis factor (TNF) receptor, which link the caspases to upstream regulators of apoptosis, have been demonstrated in several experimental models of TBI (Bruce et al., 1996; Beer et al., 2000a) . Similarly, transcription of selective members of the Bcl-2 family has been repeatedly shown to either induce or inhibit apoptosis depending on the member differentially expressed (Clark et al., 1997; Raghupathi et al., 2003) .
Together, these data indicate that differential expression of certain genes may be essential to either the initiation or progression of apoptotic cell death. The identification of mRNA abundance differences after TBI could elucidate specific molecular events that may mediate programmed cell death. Methods historically used to evaluate mRNA abundances in the injured brain (e.g., RNase protection assays, Northern blots, or reverse transcription-PCR) have been limited in their ability to simultaneously detect multiple mRNA species. These techniques are restricted to the use of tissue homogenates that prevent the localization of the cellular source of the differential expression. The use of amplified antisense mRNA (aRNA) bypasses these restric-tions by allowing the detection of multiple mRNA species within individual cells in culture or fixed tissues (Eberwine et al., 1992b; Crino et al., 1996; Morrison et al., 2000; O'Dell et al., 2000) . Recently, this methodology was used to generate an expression profile of apoptotic cortical cells at two time points after experimental brain injury in the rat (O'Dell et al., 2000) . After analyzing the expression of a few candidate genes, the authors reported that phenotypically identical cells have different underlying molecular profiles dependent on the time point after injury. By elucidating the posttraumatic differential mRNA expression in apoptotic hippocampal neurons through the use of high-density microarrays, we hypothesize that these single-cell mRNA expression profiles may reveal cell type-specific molecular cascades in the posttraumatic brain. In this study, the CA3 subfield and dentate gyrus were selected exclusively because of the high portion of apoptotic neuronal cell death reported previously (Clark et al., 1997; Fox et al., 1998) . In contrast, the lack of apoptotic neurons in injured the CA1 subfield rendered this region less optimal for our focus of uncovering apoptotic-specific expression changes ultimately contributing to the design of novel and targeted therapies for human brain injury.
Materials and Methods
Surgical procedure and injury. The model of CCI brain injury used in these studies has been described for the rat (Dixon et al., 1991) and subsequently modified for use with mice . All procedures described here were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Pennsylvania Animal Care and Use Committee. Male C57BL/6 mice, 8 -10 weeks of age (n ϭ 30), weighing ϳ25-32 gm, were housed in a 12 hr light/dark cycle with ad libitum access to food and water. All mice were anesthetized with intraperitoneal injections of sodium pentobarbital (65 mg/kg), surgically prepared, and subjected to either CCI brain injury (n ϭ 18) using a velocity of 5.0 m/sec and at a depth of 1.0 mm as characterized previously Raghupathi et al., 1998) or sham injury (n ϭ 12). Throughout the entire surgery and during recovery, all mice were kept on a heating pad to maintain physiological body temperature.
Tissue processing, terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling, and Immunohistochemistry. Twenty-four hours after injury (time point chosen because of the robustness of immunohistochemical staining for apoptotic markers while showing little cell loss), animals were anesthetized (65 mg/kg sodium pentobarbital, i.p.) and perfused transcardially with heparinized saline, followed by 4% paraformaldehyde. Mice were decapitated, and heads were fixed in paraformaldehyde at 4°C for 4 hr, after which brains were removed and postfixed for an additional 24 hr at 4°C. Paraffin-embedded blocks were then sectioned serially at 6 m between 1.5 and 1.6 mm posterior to bregma (the site of maximal cortical injury) and mounted on poly-Llysine-coated slides. Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) was performed using previously described methods (Conti et al., 1998) . In brief, after proteinase K digestion, sections were incubated in the labeling solution containing terminal deoxynucleotidyltransferase (0.3 U/l; Boehringer Mannheim, Indianapolis, IN), biotinylated-16-dUTP (20 M; Boehringer Mannheim), and 1.5 M cobalt chloride. The product was visualized using streptavidin-conjugated alkaline phosphatase (BioGenex, San Ramon, CA), followed by Fast Red (Fast Red kit; Sigma, St. Louis, MO).
After the TUNEL reaction, sections were immersed in 10% H 2 O 2 , rinsed, blocked in 2% normal horse serum (NHS), and then incubated overnight at 4°C in primary antibody for activated caspase 3 (MF397; Merck-Frosst Quebec, Quebec, Canada) (Gervais et al., 1999) diluted at 1:1000 in 2% NHS/0.1 M Tris buffer. Goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA), was applied at 1:200 for 2 hr, followed by ABC (Vector Laboratories, Burlingame, CA). The antibody complex was subsequently visualized enzymatically with DAB (Sigma). The omission of primary antibody on select sections of the mouse brain provided a negative control. Bouins-fixed sections from prenatal bcl-xl knock-out mice (generously provided by Dr. K. A. Roth, Washington University, St. Louis, MO) were used as a positive control for activated caspase 3. For analysis of selected protein expression corresponding to highly differentially expressed genes, additional sections were immunolabeled as described above for the proteins prion (PrP c ) and son of sevenless 2 (Sos2). Primary antibodies for PrP c (Serotec, Oxford, UK) and Sos2 (Santa Cruz Biotechnology, Santa Cruz, CA) were applied at dilutions of 1:100, and 1:1000 dilutions of donkey anti-goat and goat anti-rabbit IgG secondary antibodies were used, respectively (Jackson ImmunoResearch).
Single-cell microdissection. Transcription of the first strand of cDNA was performed in situ to increase the yield of cDNA from the endogenous mRNA pool before microdissection (Crino et al., 1996; Morrison et al., 2000) . After TUNEL and active caspase 3 immunohistochemistry, sections were incubated overnight with the oligo-dT primer coupled with a T7 RNA polymerase promoter sequence (oligo-dT-T7), as described previously (Eberwine et al., 1992b; Phillips and Eberwine, 1996) . After firststrand cDNA synthesis, the sections were washed in 0.5ϫ SSC, and individual labeled cells were viewed on an inverted microscope (IX-70; Olympus America , Lake Success, NY) (Crino et al., 1996; O'Dell et al., 2000) . With the use of a RNase-free glass micropipette attached to a micromanipulator (Narishige International, Greenvale, NY), individual neurons were carefully microdissected from the surrounding neuropil, taking care not to disrupt any adjacent cells, and subsequently aspirated into the micropipette for amplification. The microdissected neurons were either unstained, active caspase 3(ϩ)/TUNEL(Ϫ), or active caspase 3(ϩ)/TUNEL(ϩ) from both the pyramidal layer of the CA3 region and granule layer of the dentate gyrus (Fig. 1 A) . Digital photomicrographs in both fluorescence and bright fields were taken before and after aspiration to assure that Ͼ80% of the cell was dissected and that only a single cell was detached (Fig. 1 B) . If any part of an adjoining cell was perturbed or detached in the process, the dissected cell was not included in additional analyses.
We chose to examine the hippocampus because we wanted to examine the downstream influence of injury on neuronal functioning. Examination of the cortex would have required making subjective choices with regard to the area examined (e.g., distance from the injury) that would make microarray data analysis more difficult.
Single-cell amplification. The mRNA from individual neurons was amplified according to previously described methods (Eberwine et al., 1992a,b; Phillips and Eberwine, 1996) . Approximately 75% of the double-stranded DNA material was used for first-round aRNA amplification with T7 RNA polymerase (2000 U/l; Epicenter Technologies, Madison, WI), and the remaining 25% was kept for the real-time PCR validation. Radiolabeled CTP was used to visualize the probe on an RNA denaturing gel. After the estimated 1000-to 2000-fold amplification, the newly synthesized aRNA was primed with random hexanucleotide primers and served as a template for cDNA synthesis.
cDNA microarrays. The double-stranded DNA products from phenotypically identical cells were pooled to decrease variability attained from non-littermates and from cell-to-cell variation. Each pooled probe was composed of a total of six cells from three different mice: one cell from each of two nonconsecutive sections per animal. Labeled probes synthesized from all three groups [active caspase 3(ϩ)/TUNEL(ϩ), active caspase 3(ϩ)/TUNEL(Ϫ), and active caspase 3(Ϫ)/TUNEL(Ϫ) from sham animals] within each of the two regions (for a total of nine cells) were analyzed and hybridized to the microarrays. Each comparison was replicated with labeled probes composed from a separate group of three different animals, and the dyes linked to each probe were swapped. Consequently, a total of 18 cells per group were used to generate the microarray data. Dye swapping was used to normalize any variation in the fluorescence of the Cy3 or Cy5.
The labeled probe was synthesized by converting the amplified aRNA to either a Cy3-or Cy5-labeled cDNA probe using a custom labeling kit as described by Yue et al. (2001) . Briefly, the fluorescently labeled cDNA was synthesized with Cy3-or Cy5-labeled random 9mer (Trilink) and Moloney murine leukemia virus RNase H-free reverse transcriptase (Promega, Madison, WI). Hybridization of labeled cDNA probes was performed in 20 l of 5ϫ SSC, 0.1% SDS, and 1 mM DTT at 60°C for 6 hr to Incyte Mouse GEMs version 1. The arrays were populated with 9024 total unique elements, of which 98 were blank (H 2 O), 192 were composed of yeast control fragments, and the remaining 8734 were PCR-amplified mouse expression sequence tags (ESTs) selected randomly from The Institute for Genomic Research Mus.ET database and the GenBank mouse database. After hybridization, the microarrays were washed, dried by centrifugation, and scanned with a GenePix 4000A fluorescent reader and GenePix image acquisition software (Axon Instruments, Foster City, CA) at 535 nm for Cy3 and 625 nm for Cy5. The complete analysis used a total of 24 Incyte microarrays.
cDNA microarray data analysis. Once the microarrays were hybridized with the appropriate samples and subsequently scanned, the resulting data consisted of tagged image file format (TIFF) images representing both the Cy3 and Cy5 channels (see Fig. 3 A) . A tabular representation of the TIFF images was generated by the software package Spot (Buckley, 2000) , which is based on a new addressing, segmentation, and background correction method described previously by Yang et al. (2002a) . Briefly, spots are addressed semiautomatically by an algorithm based the "seeded region growing" method of Adams and Bischof (1994) , in which no a priori restrictions on the size or the shape of the spots are made. The resulting data were then analyzed to determine both the clones expressed above background and those differentially expressed between injured and uninjured.
To determine the genes expressed, no normalization across arrays was applied, given that the thresholds and lists of spots were calculated for each array (and channel) individually. The foreground measurement of every spot was calculated as the sum of pixel intensities for that spot. The background adjustment is based on "morphological opening," a technique derived from mathematical image analysis (Soille, 1999) , and corrected by the area. The intensities of the blank or buffer only spots dispersed throughout each microarray were used to determine individual levels of noise for each array and channel of interest. Thresholds were set to the maximum of the intensities of the blanks over the array in that channel. For each array considered, a list was compiled of those spots with intensities in the channel of interest (corresponding to a given cell type and condition) that were above such threshold. Intersections of these lists for each cell type [for the biggest four of five in the sham and active caspase 3(ϩ)/ TUNEL(ϩ)and for the biggest two of three in active caspase 3(Ϫ)/ TUNEL(ϩ)] were compiled, and the percentage of clones in common across regions was calculated.
The analysis of the differential expression, however, required both normalization to remove technological sources of variation and ranking to extract maximally expressed genes. The background measurement was determined as stated previously, whereas the foreground measurement was calculated as the median of pixel intensities of that spot. The data were normalized using local normalization methods introduced by Yang et al. (2002b,c) , implemented in the publicly available R-package "Statistics for Microarray Analysis." Normalization amounts to a transformation of the data set by a function estimated by robust locally weighted regression (lowess). The intensities were represented by M versus A plots, by graphing their log ratio (M ϭ log 2 sample A/sample B) versus the mean of their logs [A ϭ (log 2 sample A ϩ log 2 sample B)/2] (see Fig. 4 B) .
Variation across the slide was further accounted for by performing normalization separately for each print-tip group. The genes were ranked based on the magnitude of differential expression calculated across dye swap experiments, and priority was given to the clones most consistently differentially expressed among the replicates (Dudoit et al., 2002) . According to the Minimum Information About A Microarray Experiment protocol, the raw microarray data will be deposited in ArrayExpress.
Real-time PCR validation. Real-time PCR was used to quantify the abundances of selected individual clones within the cDNA template pool to validate the differential expression demonstrated by the microarrays. Twenty-four clones were chosen randomly from the differentially expressed genes between the injured activated caspase 3(ϩ)/TUNEL(ϩ) cells compared to uninjured nonlabeled neurons from either region and were processed on an ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA). Primers were constructed using Primer Express version 2.0 program (Applied Biosystems), and the full sequence of the clones was spotted on the array. The primer pairs chosen were staggered to the 3Ј end of the sequence and generated an amplicon of 100 -150 bp. The concentrations of each primer pair were optimized Figure 1 . Histopathological analysis of the injured and uninjured brain at 24 hr after injury/surgery with both activated caspase 3 and TUNEL stain. A, In the hippocampal CA3 subfield, some neurons displayed colocalization of activated caspase 3 and TUNEL (aC3ϩ/Tϩ, arrow), whereas others were only immunoreactive with activated caspase 3 (aC3ϩ/TϪ, arrow). Neurons not stained with either activated caspase 3 antibody or TUNEL were also found (arrowheads). B, Microdissection of a single active caspase 3(ϩ)/TUNEL(ϩ) granule cell from the dentate gyrus 24 hr after injury. Before and after images were used to demonstrate that Ͼ80% of the cell was dissected and that none of the surrounding cells were disrupted. Scale bars, 25 m.
according to assay performance, and the final primer concentrations were challenged with no template controls to assure for minimal primer dimer product formation. AmpliTaq Gold DNA polymerase was used for the PCR, and SYBR Green was used as the reporter dye (Applied Biosystems). Universal thermal cycling parameters as recommended by the manufacturer were used to allow for the use of multiple primer pairs on each 96-well plate for a total of 60 cycles.
Real-Time PCR experiments for each of the 24 primer pairs were performed with six replicates for each of the four templates. The threshold used to determine the C T (defined as the fractional cycle number at which the fluorescence passes a fixed threshold) of each run was based on the variability of the baseline data between cycles 3 and 15. The resulting ⌬R n s (defined by the equation ⌬R n ϭ R n ϩ Ϫ R n Ϫ , where R n ϩ is the fluorescence emission of the product at each time point and R n Ϫ is the fluorescence emission of the baseline) were averaged, and a ⌬C T was calculated for each clone. The difference in cycle times between the injured and uninjured samples determined both the direction and amount of regulation. A dissociation curve analysis (slowly ramping the temperature of the reaction solutions from 60 to 95°C while continuously collecting fluorescence data) was performed after each completed PCR run to assess the amount of nonspecific amplification occurring. Gel electrophoresis was also performed to assure specific amplification at the predicted amplicon size.
Results

Immunohistochemical analysis
Neurons from uninjured animals exhibited no TUNEL reactivity. Only occasional active caspase 3 immunolabeled cells were observed ipsilaterally to the craniotomy, in both the dentate gyrus and CA3 subfield. These neurons retained normal nuclear morphology with distinct nucleoli, and the activated caspase 3 immunoreactivity was predominantly cytoplasmic. In injured brains, however, the pattern of the activated caspase 3 and TUNEL staining exhibited more heterogeneity. In both regions analyzed, a subset of neurons exhibited both activated caspase 3 immunoreactivity and TUNEL staining that was almost exclusively in the nucleus. In several neurons, TUNEL positivity localized to welldemarcated punctate foci within the nucleus, possibly corresponding to chromatin marginalization (Fig. 1 A, aC3ϩ /Tϩ, arrows). In close proximity to double-labeled neurons were both active caspase 3(ϩ)/TUNEL(Ϫ) neurons (Fig. 1 A, aC3ϩ /TϪ, arrows) and unlabeled neurons (Fig. 1 A, arrowheads) . All regions analyzed contained one cell representative of each of these three types of staining in each high-powered field.
cDNA microarrays
Overall mRNA expression calculations demonstrate the number of mRNAs expressed varied between cell types and specific hippocampal regions. Of the 8734 randomly selected ESTs that were spotted in the array, the uninjured pooled pyramidal neurons expressed a total of 3514 mRNAs, whereas uninjured pooled granule neurons expressed 4800 mRNAs (Table 1 ). Comparison analysis demonstrated that although 3119 mRNAs were expressed in both regions, the remaining 35% (or 1681) of the genes expressed were unique to the dentate, and 11% (or 395) were unique to the CA3 (Fig. 2A) . The brain injury and subsequent activation of caspase 3 in the active caspase 3(ϩ)/TUNEL(Ϫ) cell increased the total expression in pyramidal and granule neurons to 5985 and 7078, respectively. The intersection of these two sets of expressed genes resulted in an increased overlap of 5377 clones with an associated decreased percentage of unique genes to 10 and 24% in the CA3 and dentate, respectively ( Fig. 2A) . Colocalization of TUNEL reactivity in the double-labeled active caspase 3(ϩ)/TUNEL(ϩ) resulted in a decreased total expression of mRNAs in both regions to 3659 in pyramidal neurons and 1953 in granule neurons. However, the percentage of mRNAs expressed exclusively in the CA3 increased to 1843 or 50% of those expressed and was decreased to 137 or 7% of those expressed in the dentate (Fig. 3A) .
Total expression across both regions also varied with activation of caspase 3 or TUNEL positivity after brain injury. Uninjured neurons from both the CA3 and dentate expressed a total of 59% of the mRNAs on the array represented (Fig. 2B) . After injury and activation of caspase 3, the total mRNA expression across both regions increased to 88% of the array. Conversely, in cells that were double labeled with TUNEL, the total mRNA expression decreased to 43% of the array.
Differential mRNA expression analysis that required comparisons of intensities across arrays necessitated normalization to eliminate biases in the overall fluorescence of the dyes encountered among dye-swap replicates (Fig. 3A) . The biases are best visualized when plotting the differential expression (log ratio, M) for each clone on the array by the overall fluorescence (spot intensity, A). Lowess (robust locally linear fits) analysis demonstrates a trend line (Fig. 3 B, gray line) that is skewed in one direction for one non-normalized array and in the opposite direction in the dye-swap replicate. This bias appeared to be dependent on the overall fluorescence of the spot, in which the lower intensities had a greater amount of skewing than the higher intensities. Subsequent to the normalization, the resulting log ratio versus the overall spot intensity graphs produced a trend line that was not predominantly skewed in the direction of one dye (Fig. 3 B, normalized) .
The lists of genes differentially expressed in all three cell types from both regions were ranked based on the absolute magnitude of differential expression. To focus the analysis on those clones shown to be maximally upregulated or downregulated in the injured brain, only the clones differentially expressed by Ͼ2 SDs above the mean intensity ratios across all microarrays, or a differential expression of 1.5, are reported in Table 2 (a ratio of 1.5 was used instead of 1.56 to include also those genes close to the cutoff point). The sequence of each spotted EST differentially expressed Ͼ1.5-fold was searched for similarity among all the available nucleotide sequence databases, and the resulting genes are listed in Table 2 alongside their respective quantity of differential expression. mRNAs differentially expressed in unlabeled neurons from injured brains when compared with those in sham brains were assumed not to be involved in the apoptotic process and were removed from additional analyses. The data set generated when comparing injured nonlabeled versus sham nonlabeled (data not shown) was subtracted from the apoptotic versus sham nonlabeled data set, therefore removing all injury-related changes in gene expression and leaving those specific to the apoptotic cascade. In the CA3 region, the number of mRNAs upregulated Ͼ50% in an active caspase 3(ϩ)/TUNEL(ϩ) neuron was 17, and this number was 13 in active caspase 3(ϩ)/TUNEL(Ϫ) neurons when compared to an unlabeled cell from sham mice. The downregulated mRNAs numbered 15 in caspase-3(ϩ)/ TUNEL(ϩ) neurons and 7 in caspase 3(ϩ)/TUNEL(Ϫ) neurons. In the dentate gyrus, the number of mRNAs upregulated and downregulated Ͼ50% in an active caspase 3(ϩ)/TUNEL(ϩ) neuron was 11 and 15, respectively, and 5 and 24, respectively, in an active caspase 3(ϩ)/TUNEL(Ϫ) neuron when compared to an unlabeled cell from sham mice. None of the differentially expressed mRNAs were common to either cell type or region analyzed (Table 2) .
To assure precision when assessing levels of differential expression across experiments, the array duplicates were normalized to balance the fluorescent intensities of the dyes. A print-tip lowess normalization procedure in which the normalizing quotient is not fixed, but rather varies with the intensity of the spots surrounding it, was used to account for the intensity-dependent dye biases seen on the log ratio (M) versus overall spot intensity (A) plots (Fig. 3 B) . To focus only on genes involved in the apoptotic process, all the ESTs differentially regulated in a nonlabeled cell from the injured brain (when compared with a nonlabeled cell from the uninjured brain) were excluded.
Real-time PCR validation
To validate the expression changes, 24 mRNAs were selected randomly from the ESTs differentially regulated Ͼ1.5-fold (Table 2) in either direction between injured activated caspase 3(ϩ)/ TUNEL(ϩ) cells and nonlabeled cells from uninjured brains across both regions (Fig. 4) . Of the 24 mRNAs selected randomly for real-time PCR validation, 3 did not amplify sufficiently to yield results. However, 15 or 71% were differentially expressed in the same direction as determined using the array (Table 3 ). This percentage of PCR confirmation of microarray data are similar to that seen in other studies (Johnston et al., 2004 ).
Prion and Sos immunohistochemistry
To analyze the protein correlates of a subset of the differential gene expression we observed in this study, we performed immunohistochemistry for two of the most highly differentially expressed genes in the dentate gyrus, the cellular isoform of prion protein and the Sos2 protein (Fig. 5) . Immunohistochemical labeling for Sos2 identified intense protein expression in the subgranular layer of the dentate gyrus of the hippocampus, which consistently appeared greater at 24 hr after injury in the ipsilateral (injured) hemisphere. Whereas many cells in the cortex also stained positive for Sos2, there did not seem to be any overt difference between the ipsilateral (injured) and contralateral (uninjured) hemispheres. Immunohistochemistry for PrP c identified a substantial increase in PrP c immunopositivity in the ipsilateral hemisphere when compared with a near absence of PrP cpositive cells surrounding the subgranular layer of the dentate gyrus in the contralateral hemisphere.
Discussion
The CCI model of TBI was developed to control for the biomechanical events contributing to posttraumatic cell death and has repeatedly been shown to produce neuronal loss in the CA3 hippocampal subfield and dentate gyrus with relative sparing of the Values represent the total number of clones expressed above background of the 8734 spotted on the array. Figure 3 . Differential expression in the dentate. A, TIFF images from both active caspase 3(ϩ)/TUNEL(ϩ) granule neurons (Cy3) from an injured brain and nonlabeled granule neurons from an uninjured brain (Cy5). Each channel is segmented and analyzed to extract the intensity and background values for every spot on the array. B, The resulting data are then plotted on log ratio (M ϭ log 2 Cy3/Cy5) versus overall spot intensity [A ϭ log 2 ͌(Cy3 ϫ Cy5)] to assess effectiveness of normalization of the dye biases and to calculated the differential expression. Listed are the differential expression ratios of ESTs upregulated and downregulated Ͼ1.5-fold in active caspase 3(ϩ)/TUNEL(Ϫ) and active caspase 3(ϩ)/TUNEL(ϩ) neurons from both the pyramidal and granule cell layers when compared with uninjured nonlabeled cells from the identical region. The GenBank accession numbers are listed for the ESTs spotted on the array, in addition to the resulting gene names and accession numbers from the corresponding Basic Local Alignment Search Tool (BLAST) search (as of December 2002).
CA1 hippocampal subfield located directly below the impact site Hicks et al., 1996; Baldwin et al., 1997; Fox et al., 1998) . Our double-labeling experiments corroborate recent investigations (Yakovlev et al., 1997; Beer et al., 2000b) by providing a direct correlation between neuronal loss in both regions and the initiation of apoptosis. Histopathological analysis revealed three different populations of hippocampal cells at 24 hr after injury: active caspase 3(ϩ)/TUNEL(ϩ), active caspase 3(ϩ)/TUNEL(Ϫ), and nonlabeled cells. The minimal activation of caspase 3 observed in the uninjured brain and lack of double staining demonstrates that the initiation of this apoptotic cascade is specific to TBI. The nonlabeled pyramidal and granule neurons from the injured brain were morphologically indistinguishable from those found in the uninjured brain. The remaining neurons all exhibited immunoreactivity to the activated caspase 3 antibody, signifying that they were undergoing apoptosis. In a subset of these neurons, the activation of caspase 3 colocalized with the breakdown of nuclear DNA. This finding is consistent with previous reports that caspase 3 is responsible, in part, for the proteolysis of a large number of substrates, such as lamins, actin, and ␣-fodrin, that result in disassembly of both the nuclear envelope and cortical cytoskeleton (Lazebnik et al., 1995; Cryns et al., 1996; S. B. Brown et al., 1997; Song et al., 1997) . The localization of the active caspase 3 in the nucleus of the neurons from the injured brain further supports the conclusion that caspase 3-mediated cleavage leads to activation of specific DNAses such as DFF40 (Inohara et al., 1999) . A significant portion of the neurons from both the CA3 and dentate that were immunoreactive for activated caspase 3 did not concurrently label with TUNEL. These neurons have entered the apoptotic cascade but have yet to break down their nuclear membrane and begin the condensation of their chromatin into the classic apoptotic bodies. This indicates that, at any one time after TBI, there exists a population of nonapoptotic neurons, a population of neurons entering the apoptotic continuum [activated caspase 3(ϩ)/TUNEL(Ϫ)], and a third population of neurons well past the commitment step in apoptosis [activated caspase 3(ϩ)/TUNEL(ϩ)].
Previous array expression studies in TBI models have demonstrated that the brain mounts a specific and concerted genomic response to injury, specifically upregulating certain genes and suppressing others ( Matzilevich et al., 2002; Raghavendra et al., 2003) . Because the brain is a complex multicellular organ composed of a variety of cell types that exhibit potentially divergent genomic responses to injury, analyses of whole regions or subregions of the brain will confound the specific contributions from individual neurons. Therefore, the ability to study the mRNA expression profiles of isolated neurons can provide potentially extraordinarily powerful insight in to the pathophysiology of TBI. Further highlighting the need for genomic analysis at the single-cell level is recent evidence by O'Dell et al. (2000) , who demonstrate that two phenotypically identical TUNEL(ϩ) cortical neurons have different molecular profiles. Expression analysis of apoptotic and nonapoptotic single cells creates a comprehensive picture of gene regulation in the hippocampus after TBI. Because it was not possible to analyze every gene in the mouse genome, microarrays selected in this analysis were populated with ESTs selected randomly from the entire mouse genome. This random selection of ESTs allows for the assumption that the expression analysis is indicative of the total genomic expression a neuron without the need to analyze specific genes. Uninjured neurons from both the CA3 subfield and dentate transcribed approximately two-thirds (59%) of the mRNAs represented on the array, indicating that homeostatic or routine metabolic processes as well as cell-specific activities require the transcription of over half the mouse genome. Moreover, the amount of overlap in expression between the two regions was greater than two-thirds, indicating that these processes are genotypically conserved between pyramidal and granule neurons. The activation of caspase 3 in individual injured neurons across both regions increased overall expression to 88%, potentially representing the activation of genes involved in initiating or mediating myriad cascades activated after brain injury. These injuryactivated molecular cascades represent the activation of immediate early genes such as c-fos and c-jun (Raghupathi et al., 1995) , cytokines such as interleukin-1␤ and TNF␣ (Fan et al., 1996; Raghupathi et al., 1998) , and neurotropins such as NGF and BDNF (DeKosky et al., 1994; Oyesiku et al., 1999) . As these neurons progressed to TUNEL positivity, the overall mRNA abundances declined dramatically. The active caspase 3(ϩ)/ TUNEL(ϩ) neurons across both regions expressed the lowest percentage of mRNAs corresponding to ESTs on the arrays when compared with the other two phenotypic states. This decrease in overall expression may represent the attempt of the cell to normalize gene expression after a dramatic insult or may be attributable to DNA damage resulting from the entrance of the cell into the apoptotic cascade. These decreases in mRNA abundances, similarly, are consistent with the histological appearance of the TUNEL positivity and degradation of genomic DNA. Moreover, of the mRNAs expressed in each region, the percentage unique to pyramidal neurons increased to 50%, whereas those unique to granule neurons decreased to 7%, indicating that at this stage of cell death, there are predominantly divergent molecular cascades occurring in each region. Real-time PCR validation of the differential expression determined from the microarrays. Threshold value (dotted line) was set for each EST, and the C T (cycle at which threshold was passed) was determined for both the injured and uninjured samples. The calculated difference in C T represents the relative ratio of the clones in the two templates. Clones were selected randomly from those maximally differentially expressed between active caspase 3(ϩ)/TUNEL(ϩ) and a nonlabeled neuron in an uninjured brain from both the CA3 subfield and dentate. The columns represent the direction of differential expression in either microarrays or real-time PCR, resulting in an agreement of 71%. The GenBank accession numbers are listed for the ESTs spotted on the array, in addition to the resulting gene names from the corresponding Basic Local Alignment Search Tool (BLAST) search (as of December 2002).
differentially expressed in more than one physiological state comparison. We conclude that the cell type-specific expression of specific genes correlated with the activation and progression of cell death with that neuron type. Furthermore, the regulation of these maximally differentially regulated genes seems to be dependent on the physiological state of the cell, because the differential expression profiles in the putative early apoptotic active caspase 3(ϩ)/TUNEL(Ϫ) neurons from either region did not overlap with profiles from apoptotic cells further along the cell death pathway [active caspase 3(ϩ)/TUNEL(ϩ)]. This study demonstrates immunohistochemical evidence that apoptotic cell death is occurring in the hippocampal formation after TBI in the mouse. Subsequent microarray analysis of neurons progressing through the activation of caspase 3 to TUNEL positivity reveals not only a decrease in overall expression but also an increase in the specificity of the genomic response culminating in regionally specific maximally differentially expressed mRNAs. Apoptotic neurons from the CA3 hippocampal subfield maximally regulated different molecular cascades in response to the initiation of cell death than neurons selected from dentate gyrus. Although proteins are usually the effectors of cellular processes, an expression profile highlights the biochemical potential of the examined cells. Our data demonstrate the diversity of the apoptotic process at the molecular level and suggests that mRNA expression in individual neurons underlies the physiological consequences of injury.
